A novel approach to analysis of complex gaseous mixtures is presented. The approach is based on the utilization of a compact gas chromatograph in combination with an array of highly integrated and selective metal oxide (MOX) sensors. Thanks to the implementation of a multisensory detector, the device collects multiple chromatograms in a single run. The sensors in the integrated MEMS platform are very distinct in their catalytic properties. Hence, the time separation by chromatographic column is complemented by catalytic separation by a multisensory detector. Furthermore, the device can perform the analysis in a broad range of concentrations, from ppb to hundreds of ppm. Low ppb and even sub-ppb levels of detection for some analytes were achieved. As a part of this effort, nanocomposite gas sensors were synthesized for selective detection of hydrogen sulfide, mercaptans, alcohols, ketones, and heavy hydrocarbons.
Introduction
The detection and analysis of gases and vapors is an important part of the modern world, where gas sensing technology is becoming increasingly important for various aspects of our lives. Gas sensing technologies improve the self-sustainability of our society and the quality of everyday life. A variety of gas analysis techniques and gas detectors are regularly used to improve safety and establish more precise product quality control and process control [1, 2] . Some industrial sectors such as the food/medicine, automotive, heavy industry, environmental, security, and home appliances sectors have utilized gas analysis for a wide range of applications [3] [4] [5] [6] . The minimum requirements for analysis of gas samples, such as detection range and precision, are the most important parameters that determine the type of gas analysis technique utilized in a system. The ongoing process of developing new gas sensing methods in parallel with improving the conventional state-of-the-art gas sensors is primarily governed by modern technological processes and ecological standards that require better sensitivity, faster response and recovery time, better selectivity, and improved stability from gas sensors. Applications of gas sensors, detectors, and analyzers in the area of public safety, quality control, or system control show the importance of the detection of gaseous chemicals and volatile organic compounds (VOCs), such as alcohols (ethanol, propanol, and methanol), ketones (acetone), light hydrocarbons (methane, propane, and butane), heavy hydrocarbons (benzene, toluene, ethylbenzene, xylene), sulfur-based compounds (H 2 S, sulfur dioxide, and mercaptans), and others (CO, nitric oxide, ammonia) [7] [8] [9] . The detection of some specific gases in complex backgrounds as well as multi-component analysis of gas mixtures was found to be critically important for field applications.
The most challenging task for gas analysis remains as selectivity. Traditionally, in the industrial setting, compact personal monitors and leak detectors are used. These devices are based on arrays of electrochemical, thermocatalytic, and infrared sensors, are equipped with an air intake system, and are capable of detecting two to four gases in the ppm range. Leak detectors have multiple drawbacks, such as cross-sensitivity between the sensors and inability to work in complex chemical backgrounds. Leak detectors cannot provide a user with a comprehensive picture of the gaseous sample, such as partial concentrations of benzene, toluene, ethylbenzene, or xylene at ppb levels in the mix. As of today, the cross-sensitivity issue has not been resolved, and sensors responding to a single compound in a complex mix simply do not exist. One of a few presently existing solutions for a reliable analysis of multi-component mixes is analytical gas chromatography (GC).
Gas chromatography (GC), in combination with a variety of detectors, such as mass spectrometry (MS), flame ionization detectors (FID), photo ionization detectors (PID), pulse discharge detector s(PDD), and thermal conductivity detectors (TCD) or IR and UV spectroscopy, is the most commonly applied technique for the monitoring of complex gaseous mixtures [10] [11] [12] [13] [14] [15] [16] [17] [18] . The most popular GC detectors, such as MS, FID and PID, have several advantages such as high sensitivity over an ultra-low concentration range (<1 ppb) in combination with high accuracy and selectivity.
However, real-time field monitoring using a conventional GC with standard sensors (FID, PID, etc.) has a lot of fundamental barriers and limitations due to its bulky size, heavy weight, special carrier gases requirement, and high maintenance. The special carrier gases requirement (bulky gas tanks need to be attached to the instrument for operation) is, probably, the major drawback of conventional chromatography, limiting its portability. Furthermore, conventional gas chromatography utilizes an approach of analyzing a total signal coming from the FID or PID detector. These types of detectors are non-selective and respond to a wide variety of analytes. Typically, the PID and FID detectors response and recovery times are not fast enough to separate all the chemicals coming from the GC column. Additionally, some chemicals come out of the GC column at the same time and, because of physical limitations, cannot be evaluated separately by PID and FID detectors.
For analysis in the field conducted by a first responder or a technician, low weight and small size of the instrument, together with a short scan time, are essential. At the same time, real-life gaseous analytes are complex blends of unpredictable nature, which require the field analysis to be as comprehensive as the laboratory analysis. A detailed chemical analysis of a complex blend using a single compact GC column requires a more advanced analytical technique than conventional separation via retention time only. A productive approach to improving the evaluation of complex mixtures is based on the implementation of integrated GC detectors. Alinoori and Masoum used a sensor array detector in combination with multicapillary gas chromatography [19] . Cai and Zellers implemented dual-chemiresistor GC detectors based on monolayer-protected metal nanoclusters [20] .
In this work, we utilized a highly integrated multisensory platform as a GC detector. Multisensory Gas Chromatography (MGC) is a hybrid approach combining gas chromatography and electronic nose principles. By having an electronic nose as a detector, the chemicals within a single peak can also be separated by catalytic reactivity, adding an extra dimension to conventional analytical gas chromatography. The key advantages of our technology are the utilization of scrubbed ambient air as a carrier gas and the utilization of a novel multisensory highly integrated platform as a GC detector. The detector's short response and recovery time, together with ultra-high sensitivity, allowed us to obtain high-resolution chromatograms for analytes of interest from light (hydrogen sulfide, carbon monoxide) to heavy (O-Xylene) in a short time interval of 12.5 min on a single compact GC column.
Experiment
The use of metal oxide (MOX) sensors as GC detectors has the advantage of enabling the use of scrubbed ambient air as the carrier gas for the GC column. This is a great advantage for a portable GC, because the user is not burdened with the bulk of compressed ultra-zero grade gases, which is required by more traditional gas chromatographs using traditional detectors. A multi-sensor array system was developed to improve the performance of the conventional metal oxide detectors, based on a single sensing element. Multiple electronically independent sensing elements significantly improve the signal-to-noise ratio of the detector due to independence of their outputs without chemical exposure and their synchronized response under exposure. The detector consists of an integrated multisensory platform, with an array of four sensor elements and a modified transistor outline (TO) package ( Figure 1 ). The integrated multi-sensor platform (2.5 mm × 2.5 mm × 0.3 mm) was designed to control the operation of four sensor elements at high temperatures, providing synchronized multisensory analysis of gas samples.
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Human breath analysis [13] [14] [15] [16] [17] [18] Furthermore, the ability of the system to analyze gas samples in complex backgrounds (different than air) was tested and verified in this series of experiments. The detection of ultra-low concentrations of gas impurities (H 2 S, ethyl-mercaptan, benzene, toluene, ethylbenzene, and o-xylene) in pure methane (99.99%) was accomplished, and all the gas components were identified (Figure 6a,b) . The light compounds were separated within a very short time interval (<20 s) thanks to the specificity of the sensors S2 and S3 to H 2 S and hydrocarbons, respectively. The experiment with methane as a background gas confirms the advantage of multi-dimensional chromatography by using an array of sensors instead of a single non-selective PID or FID detector. This advantage can be utilized in the area of natural gas analysis by using a portable instrument with a single GC column under constant temperature. using an array of sensors instead of a single non-selective PID or FID detector. This advantage can be utilized in the area of natural gas analysis by using a portable instrument with a single GC column under constant temperature. The third gas mixture (Mix. 3) was analyzed in order to demonstrate the instrument's ability to process very complex gas samples, similar to a human breath, with 10 or more compounds from different chemical groups (hydrocarbons, ketones, alcohols, sulfur compounds, and CO). It was found that some biomarkers in human breath like acetone, ammonia, CO, hydrogen sulfide, mercaptans, and BTEX can be used for diagnostics of diseases, as well as for monitoring the level of exposure to toxins. Mix. 3 was introduced into the GC and the output of the four sensors from the integrated array is shown in Figure 7 . The same mix was introduced into a GC, utilizing a conventional MOX detector (TGS 2602, Figaro USA Inc., Arlington Heights, IL, USA). The detector output is shown in Figure 8 . As it can be seen from comparison of Figures 7 and 8 , the chemicals from 1 to 3 (carbon monoxide, hydrogen sulfide, and ethyl mercaptan) and 5 and 6 (ethanol and benzene) are inseparable by a conventional detector and come out as single peaks on the chromatogram. Their partial concentrations cannot be measured using a conventional detector. In contrast, due to the quick response and recovery of the multisensory detector, these chemicals are separated in time as individual peaks. In addition to qualitative evaluation of gas mixtures, a quantitative calibration of the integrated detector was also performed. The standard approach for GC signal evaluation is based on calculating the area under the curve for each peak detected. In this work, the integrated detector's response was calculated by integrating the area under the curve over the time interval for each gas.
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The detector's performance was evaluated over a period of 10 days. During this time, the response of the detector was monitored upon exposure to different concentrations of detectable gases: H2S (10-500 ppb), ethyl-mercaptan (10-500 ppb), acetone (10-500 ppb), ethanol (10-500 ppb), and BTEX (10-500 ppb). Finally, the calibration curves for the concentrations of various gases for all four sensors were obtained and shown in Figure 9a -d. All four sensors exhibited a non-linear behavior In addition to qualitative evaluation of gas mixtures, a quantitative calibration of the integrated detector was also performed. The standard approach for GC signal evaluation is based on calculating the area under the curve for each peak detected. In this work, the integrated detector's response was calculated by integrating the area under the curve over the time interval for each gas. The detector's performance was evaluated over a period of 10 days. During this time, the response of the detector was monitored upon exposure to different concentrations of detectable gases: H 2 S (10-500 ppb), ethyl-mercaptan (10-500 ppb), acetone (10-500 ppb), ethanol (10-500 ppb), and BTEX (10-500 ppb). Finally, the calibration curves for the concentrations of various gases for all four sensors were obtained and shown in Figure 9a -d. All four sensors exhibited a non-linear behavior upon exposure to various gases in the concentration range between 10 and 500 ppb. It was verified that pure SnO 2 has very low sensitivity at ppb level and poor selectivity (Figure 9a ). The TiO 2 -SnO 2 sensor, which was specifically designed for the detection of H 2 S, also displayed a high response to ethyl mercaptan (Figure 9b ). The SnO 2 sensor modified with Au/Pd bimetal nanoparticles was capable of detecting heavy (BTEX) hydrocarbons at ultralow concentrations (Figure 9c) . Finally, the highest sensitivity to ethanol and acetone was obtained by using SnO 2 film modified with Pt nanoparticles (Figure 9d ). The carbon-based pre-concentrator material (10 mg of Carbopack B, 60/80 mesh from Supelco No. 20273) utilized in the portable GC was specifically targeting heavy hydrocarbons (BTEX). A subppb level of detection was achieved thanks to the utilization of the pre-concentrator in combination with a highly sensitive detector (Figure 10a ). In the process, the background signal from the GC was recorded upon analyzing zero grade air samples. It was determined that the integrated response of the Au/Pd@SnO2 sensor to 0.5 ppb of BTEX was higher than the background signal of the portable GC for all the BTEX components, with a confidence level of 99.74% (Figure 10b ). It is worth noting that the fast response and recovery of the detector substantially improves the spectral resolution of the GC and makes the sample analysis more comprehensive, especially in cases of complex contaminated backgrounds or high humidity conditions. The carbon-based pre-concentrator material (10 mg of Carbopack B, 60/80 mesh from Supelco No. 20273) utilized in the portable GC was specifically targeting heavy hydrocarbons (BTEX). A sub-ppb level of detection was achieved thanks to the utilization of the pre-concentrator in combination with a highly sensitive detector (Figure 10a ). In the process, the background signal from the GC was recorded upon analyzing zero grade air samples. It was determined that the integrated response of the Au/Pd@SnO 2 sensor to 0.5 ppb of BTEX was higher than the background signal of the portable GC for all the BTEX components, with a confidence level of 99.74% (Figure 10b ). It is worth noting that the fast response and recovery of the detector substantially improves the spectral resolution of the GC and makes the sample analysis more comprehensive, especially in cases of complex contaminated backgrounds or high humidity conditions. recorded upon analyzing zero grade air samples. It was determined that the integrated response of the Au/Pd@SnO2 sensor to 0.5 ppb of BTEX was higher than the background signal of the portable GC for all the BTEX components, with a confidence level of 99.74% (Figure 10b) . It is worth noting that the fast response and recovery of the detector substantially improves the spectral resolution of the GC and makes the sample analysis more comprehensive, especially in cases of complex contaminated backgrounds or high humidity conditions. 
Discussion
The ability of the instrument to analyze complex mixes containing light and heavy compounds on a single compact GC column at constant temperature is one of the key advantages that separates our technology from similar products. In particular, for a portable natural gas analyzer, the ability to analyze sulfur-based gaseous compounds and BTEX at the same time is of great importance. It was achieved thanks to the chemical compositions and morphologies of the materials utilized in the integrated detector. Materials for the integrated detector were selected based on considerations as follows.
The advanced sensitivity of the hybrid type SnO 2 -TiO 2 sensor is mainly related to a specific charge transfer and heterojunction formation between the grains of two different oxides. The electronic structures of SnO 2 and TiO 2 oxides, including band gap, work function, and electron affinity, were found to be different (Figure 11a ). The band gap of polycrystalline SnO 2 for direct (4.17 eV) and indirect (3.35 eV) transitions was measured by using UV-Vis spectrometry (Tauc plot, Thermo Scientific, Waltham, MA, USA) and was found to be larger than the optical band gap of TiO 2 , with 3.84 eV and 3.15 eV for direct and indirect transitions, correspondingly. The result obtained from the optical band gap measurement agrees with values previously reported by other research groups for polycrystalline SnO 2 with rutile crystal structure (3.5-4.0 eV) [39] [40] [41] and polycrystalline TiO 2 with anatase crystal structure (3.2-3.6 eV) [42] [43] [44] [45] . Also, the work function of polycrystalline rutile SnO 2 [46] was reported to be larger than the work function and electron affinity of polycrystalline anatase TiO 2 [47, 48] by approximately 0.3-0.5 eV. As a result of different band energy structures, a type two heterojunction is formed between SnO 2 and TiO 2 nanocrystals, with valence and conduction band misalignment and bending at the crystals interface (Figure 11b) [49, 50] . It was shown that that the heterojunction is growing, even in the case of anatase TiO 2 and rutile SnO 2 crystals with slightly different lattice parameters. The formation of the heterojunction leads to a discontinuity in the conduction band and formation of the energy barrier at the interface due to the electron transfer. The electron transfer from the conduction band of TiO 2 to the conduction band of SnO 2 is primarily determined by the position of the Fermi energy level of TiO 2 , which is higher with respect to SnO 2 Fermi level.
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A series of experimental evaluations of the integrated GC detector were accomplished and several important characteristics were obtained, including: The optimal operational temperature, response value (R air /R gas ), detection limit upon steady state exposure to low concentrations of analytes, and detector's sensitivity to humidity. The optimum operational temperature of the sensors for detection of low concentrations of analytes was obtained by using a multi-channel gas mixing system. During the experiment, the baseline resistance was measured in ultra-zero grade air (Figure 15a ) under different temperature conditions in a range from 25 to 400 • C, and the change of the sensors' resistances were then recorded upon steady state exposure to 0.5 ppm of benzene (Figure 15b ). The sensors' responses (R air /R gas ) was then calculated for each temperature condition and the optimum temperature with a corresponding maximum sensor performance was found for all four sensors (S1-S4) (Figure 15c ). It was found that when the target gas was switched from benzene to toluene of the same concentration, the same result for the optimum operating temperature was obtained for all the sensors. Pure SnO 2 sensor demonstrated very poor sensitivity and a high operational temperature of 325 • C. The highest baseline resistance as well as the highest response was observed for the SnO 2 functionalized with bimetal Au/Pd alloy nanoparticles (S3). The lowest operational temperature of 250 • C was also observed for the same sensor S3.
After the optimum operational temperature was determined, sensors' responses to different concentrations of analytes and the sensors' baselines were monitored over a period of two weeks (Figure 16a,b) . The sensors demonstrated linear behavior upon exposure to lower concentrations (1-100 ppb) and a nonlinear behavior for higher concentrations (>100 ppb). It was found that functionalization of sensors with metal nanoparticles increases the sensitivity of sensors. Sensor S3 demonstrated the highest sensitivity toward the low concentrations of benzene and toluene.
The minimum limit of detection (LOD) for analytes with a confidence level of 99.7% was determined by analyzing the drift in the sensor's baseline and the sensor's response over the period of two weeks. The concept of LOD is demonstrated in Figure 17 . In this analysis, the normal distribution function was used to find the average value and the standard deviation of the baseline over time and the variations in sensors' responses over time for multiple identical exposures. A low detection limit is defined as the minimum measurable signal exceeding the threshold. The threshold is equal to the mean value of noise plus three standard deviations of the noise. The distance of three standard deviations from the mean value corresponds to 99.7% of the area under the normal distribution curve. Hence, the choice of parameters will assure that the signal can be distinguished from noise with 99.7% probability. In Figure 16 , the horizontal dashed line shows the level of the threshold. All of the points above the threshold can be detected with 99.7% probability or higher. Also, a comparative analysis of the sensors' performances at different humidity levels, as well as the responses of sensors to 0.5 ppb of analytes under different humidity conditions, was investigated. The baseline resistances of sensors S1-S4 were recorded upon exposing them to ultra-zero grade air, and the corresponding humidity level inside the detector's chamber was found to be less than 5%. The response of each sensor upon increasing the relative humidity to 25%, 60%, and 90% was then calculated (Figure 18a ). The responses of sensors S1-S4 upon exposure to 0.5 ppb of benzene were collected under different humidity conditions (Figure 18b ). It was demonstrated that the responses were affected by the humidity level. Based on our experiments, it was found that the sensors containing metal nanoparticles are less affected by humidity. However, the humidity level will not affect the device performance in any way, because with the current sampling system, the water will be completely separated in time from the other analytes. analytes, and detector's sensitivity to humidity. The optimum operational temperature of the sensors for detection of low concentrations of analytes was obtained by using a multi-channel gas mixing system. During the experiment, the baseline resistance was measured in ultra-zero grade air ( Figure  15a ) under different temperature conditions in a range from 25 to 400 °C, and the change of the sensors' resistances were then recorded upon steady state exposure to 0.5 ppm of benzene ( Figure  15b ). The sensors' responses (Rair/Rgas) was then calculated for each temperature condition and the optimum temperature with a corresponding maximum sensor performance was found for all four sensors (S1-S4) (Figure 15c ). It was found that when the target gas was switched from benzene to toluene of the same concentration, the same result for the optimum operating temperature was obtained for all the sensors. Pure SnO2 sensor demonstrated very poor sensitivity and a high operational temperature of 325 °C. The highest baseline resistance as well as the highest response was observed for the SnO2 functionalized with bimetal Au/Pd alloy nanoparticles (S3). The lowest operational temperature of 250 °C was also observed for the same sensor S3. After the optimum operational temperature was determined, sensors' responses to different concentrations of analytes and the sensors' baselines were monitored over a period of two weeks (Figure 16a,b) . The sensors demonstrated linear behavior upon exposure to lower concentrations (1-100 ppb) and a nonlinear behavior for higher concentrations (>100 ppb). It was found that functionalization of sensors with metal nanoparticles increases the sensitivity of sensors. Sensor S3 demonstrated the highest sensitivity toward the low concentrations of benzene and toluene. The minimum limit of detection (LOD) for analytes with a confidence level of 99.7% was determined by analyzing the drift in the sensor's baseline and the sensor's response over the period of two weeks. The concept of LOD is demonstrated in Figure 17 . In this analysis, the normal distribution function was used to find the average value and the standard deviation of the baseline over time and the variations in sensors' responses over time for multiple identical exposures. A low detection limit is defined as the minimum measurable signal exceeding the threshold. The threshold is equal to the mean value of noise plus three standard deviations of the noise. The distance of three standard deviations from the mean value corresponds to 99.7% of the area under the normal distribution curve. Hence, the choice of parameters will assure that the signal can be distinguished from noise with 99.7% probability. In Figure 16 , the horizontal dashed line shows the level of the threshold. All of the points above the threshold can be detected with 99.7% probability or higher. Also, a comparative analysis of the sensors' performances at different humidity levels, as well as the responses of sensors to 0.5 ppb of analytes under different humidity conditions, was investigated. The baseline resistances of sensors S1-S4 were recorded upon exposing them to ultra-zero grade air, and the corresponding humidity level inside the detector's chamber was found to be less than 5%. The response of each sensor upon increasing the relative humidity to 25%, 60%, and 90% was then calculated (Figure 18a ). The responses of sensors S1-S4 upon exposure to 0.5 ppb of benzene were collected under different humidity conditions (Figure 18b ). It was demonstrated that the responses were affected by the humidity level. Based on our experiments, it was found that the sensors containing metal nanoparticles are less affected by humidity. However, the humidity level will not affect the device performance in any way, because with the current sampling system, the water will be completely separated in time from the other analytes. The minimum limit of detection (LOD) for analytes with a confidence level of 99.7% was determined by analyzing the drift in the sensor's baseline and the sensor's response over the period of two weeks. The concept of LOD is demonstrated in Figure 17 . In this analysis, the normal distribution function was used to find the average value and the standard deviation of the baseline over time and the variations in sensors' responses over time for multiple identical exposures. A low detection limit is defined as the minimum measurable signal exceeding the threshold. The threshold is equal to the mean value of noise plus three standard deviations of the noise. The distance of three standard deviations from the mean value corresponds to 99.7% of the area under the normal distribution curve. Hence, the choice of parameters will assure that the signal can be distinguished from noise with 99.7% probability. In Figure 16 , the horizontal dashed line shows the level of the threshold. All of the points above the threshold can be detected with 99.7% probability or higher. Also, a comparative analysis of the sensors' performances at different humidity levels, as well as the responses of sensors to 0.5 ppb of analytes under different humidity conditions, was investigated. The baseline resistances of sensors S1-S4 were recorded upon exposing them to ultra-zero grade air, and the corresponding humidity level inside the detector's chamber was found to be less than 5%. The response of each sensor upon increasing the relative humidity to 25%, 60%, and 90% was then calculated (Figure 18a ). The responses of sensors S1-S4 upon exposure to 0.5 ppb of benzene were collected under different humidity conditions (Figure 18b ). It was demonstrated that the responses were affected by the humidity level. Based on our experiments, it was found that the sensors containing metal nanoparticles are less affected by humidity. However, the humidity level will not affect the device performance in any way, because with the current sampling system, the water will be completely separated in time from the other analytes. 
Conclusions
In this work, we introduced a concept of multisensory gas chromatography by utilizing a multisensory integrated platform as a detector for a compact GC. A unique combination of elements and principles utilized in our device brings analytical gas instrumentation to a new level. Novel nanocomposite metal oxide MEMS sensors arrays demonstrated outstanding performance for detection of ultra-low concentrations of gases and vapors, down to the 1 ppb level. The detector's short response and recovery time, together with ultra-high sensitivity, allowed us to obtain highresolution chromatograms for analytes of interest in a short time interval of 12.5 min. By combining 
In this work, we introduced a concept of multisensory gas chromatography by utilizing a multisensory integrated platform as a detector for a compact GC. A unique combination of elements and principles utilized in our device brings analytical gas instrumentation to a new level. Novel nanocomposite metal oxide MEMS sensors arrays demonstrated outstanding performance for detection of ultra-low concentrations of gases and vapors, down to the 1 ppb level. The detector's short response and recovery time, together with ultra-high sensitivity, allowed us to obtain high-resolution chromatograms for analytes of interest in a short time interval of 12.5 min. By combining time separation, using a chromatography column with chemical separation (by catalytic reactivity), a substantially more comprehensive analysis of a gas mixtures can be then obtained. That is, by utilizing four very different sensory elements in one detector, four chromatograms are obtained in a single analysis cycle, adding another dimension to the separation and recognition of chemicals.
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